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Podocytes are specialized cells of the kidney that form the blood filtration barrier in the kidney glomerulus. The barrier function of
podocytes depends upon the development of specialized cell–cell adhesion complexes called slit-diaphragms that form between podocyte
foot processes surrounding glomerular blood vessels. Failure of the slit-diaphragm to form results in leakage of high molecular weight
proteins into the blood filtrate and urine, a condition called proteinuria. In this work, we test whether the zebrafish pronephros can be used as
an assay system for the development of glomerular function with the goal of identifying novel components of the slit-diaphragm. We first
characterized the function of the zebrafish homolog of Nephrin, the disease gene associated with the congenital nephritic syndrome of the
Finnish type, and Podocin, the gene mutated in autosomal recessive steroid-resistant nephrotic syndrome. Zebrafish nephrin and podocin
were specifically expressed in pronephric podocytes and required for the development of pronephric podocyte cell structure. Ultrastructurally,
disruption of nephrin or podocin expression resulted in a loss of slit-diaphragms at 72 and 96 h post-fertilization and failure to form normal
podocyte foot processes. We also find that expression of the band 4.1/FERM domain gene mosaic eyes in podocytes is required for proper
formation of slit-diaphragm cell–cell junctions. A functional assay of glomerular filtration barrier revealed that absence of normal nephrin,
podocin or mosaic eyes expression results in loss of glomerular filtration discrimination and aberrant passage of high molecular weight
substances into the glomerular filtrate.
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The basis of kidney function is filtration of the blood and
subsequent modification of the filtrate to regulate the salt
and water content of body fluids. Podocytes are specialized
kidney cells whose structure forms the basis of blood
filtration in the glomerulus (Abrahamson and Wang, 2003).
Podocyte foot processes are highly arborized cell extensions
that form by extensive cell–cell interdigitation on the
basement membrane surrounding the glomerular vascular
capillary tuft (Pavenstadt et al., 2003). Filtration occurs as
blood plasma flows out of the capillary and through0012-1606/$ - see front matter D 2005 Elsevier Inc. All rights reserved.
doi:10.1016/j.ydbio.2005.06.038
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(I.A. Drummond).‘‘filtration-slits’’, the space between podocyte foot processes
(Pavenstadt et al., 2003). Specialized cell-junctions between
podocyte foot processes, slit-diaphragms, are thought to
maintain a barrier that discriminates against the diffusion of
larger proteins out of the blood (Pavenstadt et al., 2003).
Failure to form or loss of slit-diaphragms results in leakage
of high molecular weight proteins and their appearance in
urine, a condition called proteinuria (Pavenstadt et al.,
2003). Proteinuria occurs in several human congenital
nephropathies and is also a common complication of
diabetes (Cooper et al., 2002).
The Nephrin gene is mutated in the condition congenital
nephritic syndrome of the Finnish type (NPHS1) (Kestila et
al., 1998). Nephrin is a transmembrane protein present in the
slit-diaphragm itself and is thought to contribute to its
zipper-like, extracellular structure (Ruotsalainen et al.,85 (2005) 316 – 329
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lated by the Src family kinase Fyn resulting in activation of
signaling pathways in involving MAP kinase and AKT
(Benzing, 2004; Huber et al., 2003a; Lahdenpera et al.,
2003; Verma et al., 2003; Yu et al., 2001). In mice lacking
Nephrin, podocyte foot processes form initially; however,
slit-diaphragms are lacking and the animals exhibit massive
proteinuria (Hamano et al., 2002; Putaala et al., 2001;
Rantanen et al., 2002).
Podocin is an intracellular podocyte cell junction-
associated protein (Roselli et al., 2002) that is mutated in
autosomal recessive steroid-resistant nephrotic syndrome
(NPHS2). Podocin is thought to play a role in the delivery of
other slit-diaphragm proteins to the junction (Huber et al.,
2003b; Roselli et al., 2004b). Other genes that are essential
for assembly of the slit-diaphragm include the adaptor
protein CD2-associated protein (CD2AP), the protocadherin
FAT and the Nephrin related protein, Neph1. Mutations in
CD2AP, FAT or Neph1, like Nephrin and Podocin muta-
tions, also lead to retraction of podocyte foot processes and
proteinuria (Ciani et al., 2003; Donoviel et al., 2001; Shih et
al., 1999).
Despite their uncommon structure, slit-diaphragms are
thought to be a specialized form of cell junction found in
more traditional epithelial cells. The cadherins P-cadherin
and FAT are present in slit-diaphragms (Ciani et al., 2003;
Reiser et al., 2000; Tassin et al., 1994), suggesting that these
junctions are modified adherens type junctions. Slit-dia-
phragms also contain the protein ZO-1, a protein found in
both occludens type and adherens cell junctions (Schnabel
et al., 1990). During early nephron differentiation, podo-
cytes initially form a polarized epithelium with apical cell
junctions containing ZO-1, p120 catenin and h-catenin
(Ruotsalainen et al., 2000; Schnabel et al., 1990). Cell
polarization is evident early on by the basal adhesion of
podocytes to the glomerular basement membrane and the
expression of cell surface proteins on basolateral and apical
cell surfaces (Reeves et al., 1978). As podocyte differ-
entiation proceeds, intercellular junctions migrate toward
the basal cell surface such that by the capillary loop stage,
the cell junctions are positioned at the lateral edge of the
basal cell surface where they eventually go on to form the
slit-diaphragm (Reeves et al., 1978; Ruotsalainen et al.,
2000).
Overall podocyte cell shape and foot process for-
mation is dependent on coordinated assembly of micro-
tubule and actin components of the cytoskeleton and, as
in other epithelial cells, podocyte cell junctions develop
in concert with changes in cytoskeletal organization
(Pavenstadt et al., 2003). Adapter proteins that link the
cytoskeleton to transmembrane proteins, or junction
proteins that regulate cytoskeletal assembly play impor-
tant roles in this process. For example, CD2AP is
thought to bind both nephrin and the actin cytoskeleton
and thus stabilize slit-diaphragms (Wolf and Stahl,
2003). Cell junction migration and foot process for-mation may also be linked through the activity of
proteins like p120 catenin which is expressed in
migrating podocyte cell junctions (Usui et al., 2003)
and may favor actin cytoskeletal rearrangement and
basal foot process formation via inhibition of the small
GTPase RhoA (Noren et al., 2000). It is clear however
from the limited information on podocyte proteins
linking cell-junctions to the cytoskeleton that our current
description of slit-diaphragm junction formation is
incomplete.
Protein 4.1 is a linker molecule originally identified in
erythrocytes that interact with both transmembrane proteins
and the actin cytoskeleton (Hoover and Bryant, 2000). The
4.1 gene family includes at least four other members, the
4.1-like proteins, which are broadly expressed in a variety
of tissues. All 4.1 proteins are expressed as alternatively
spliced transcripts encoding a diverse set of proteins
which, in addition to stabilizing cytoskeleton-membrane
interactions, may also play important roles in cell signaling
(Gascard et al., 2004; Hoover and Bryant, 2000; Sun et al.,
2002). Based on structural and functional homology,
Protein 4.1 belongs to a larger class of molecules, the
FERM domain containing proteins (Four point one/ezrin/
radixin/moesin) which play key roles in integrating trans-
membrane protein activity with changes in cytoskeletal
organization (Chishti et al., 1998). In the mouse nephron,
protein 4.1 family members 4.1R/EPB4.l, 4.1N/EPB41L1,
4.1G/EPB41L2 and 4.1B/EPB41L3 are expressed in
distinct nephron cell types (Ramez et al., 2003); however,
none have been shown to be expressed in podocytes. Of
the proteins comprising the larger FERM domain contain-
ing superfamily, Radixin and Moesin are expressed in
endothelial and supporting mesangial cells of the glomer-
ulus but appear to be excluded from podocytes (Hugo et
al., 1998). Ezrin is the one FERM domain protein known
to be expressed in podocytes where it associates with the
cytoplasmic tail of the apical transmembrane protein
Podocalyxin and stabilizes its interaction with subapical
actin filaments (Orlando et al., 2001). Recently, mosaic
eyes (moe/EPB41L5), a novel gene encoding a FERM
protein required for proper tissue organization in the eye,
was shown to be expressed in zebrafish podocytes (Jensen
et al., 2001; Jensen and Westerfield, 2004), suggesting that
this FERM domain protein may also participate in linking
transmembrane proteins to cytoskeletal elements in deve-
loping podocytes.
In the work presented here, we sought to determine
whether the zebrafish pronephros could be used as a model
of glomerular maturation and the development of filtration
barrier function. We first determined the developmental
stage when the glomerular filtration barrier was formed in
the zebrafish pronephros, and then tested if proteins similar
to those described in the mammalian kidney were employed
in pronephric slit-diaphragm formation. We show here that
the zebrafish slit-diaphragm proteins Nephrin and Podocin
are required for foot process formation and slit-diaphragm
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either slit-diaphragm protein by morpholino knockdown
results in altered podocyte morphology, plasma filtration
and loss of podocyte barrier function in the mature
pronephros. We also demonstrate that the FERM protein
Mosaic eyes is required in podocytes to form or maintain
slit-diaphragms and to maintain proper filtration discrim-
ination. These results indicate that the zebrafish pronephros
is a relevant model of glomerulus formation where the
function of novel components of this process can be
revealed.Materials and methods
Zebrafish lines
Wild-type zebrafish were maintained and raised as
described (Westerfield, 1995). The wild-type lines were
of the TL or TU¨AB background. The mosaic eyes mutant
(moe) was originally isolated as a gamma irradiation
deletion allele (b476) (Jensen et al., 2001). The b882
allele used in this work is an ENU allele that contains a
splice donor site mutation that would be predicted to
encode a transcript that retains intron 5 with a stop codon
84 base pairs into the intron. This would truncate the
protein in the FERM domain (Jensen and Westerfield,
2004). Dechorionated embryos were kept in E3 solution
with or without 0.003% PTU (1-Phenyl-2-thiourea,
Sigma) to suppress pigmentation and staged according
to hours post-fertilization (hpf) (Westerfield, 1995).
Whole embryos were observed using a Nikon SMZ 645
or Leica MZ12 dissecting stereomicroscope, the latter
with an attached digital camera (Spot Insight QE, USA)
and processed with Adobe Photoshop software (Adobe,
Inc.).
Cloning of nephrin and podocin
The zebrafish nephrin sequence was partially derived
from sequence analysis by performing a tblastn (Basic Local
Alignment Search Tool) search with the human and murine
sequence against whole-genome-shotgun-reads and
assembled contigs all provided by the zebrafish genome
project (Sanger Institute, U.K.) (http://www.ensembl.org/
Danio_rerio/), the result was used for 5V and 3V RACE
reactions (Invitrogen). Zebrafish nephrin was cloned using
nested PCR on single-stranded DNA obtained by reverse
transcription of total RNA from wild-type fish, TL strain.
Total RNA was obtained using the RNAqueous-4PCR kit
(Ambion). The following primer-sets have been used:
forward ATTTATTTTGACGCCGTGGACCAAT, reverse
CTCCTAAACCTGACCTGAGCAGACC, nested forward
CAATTGGCGGCGATGGATTC, nested reverse ACCTG-
AGCAGACCATATACGCCAGA. A 3775 bp product was
subcloned in pCRII TOPO (Invitrogen) and sequenced.Zebrafish podocin sequence was derived similarly and
subcloned using the following primer sets: forward
TGCAGAAAACCAAACACCAGAGGA, reverse gat-
gatgcgaaggaaatccgtcaa, nested forward CGGGATCCGC-
CACCATGCTTCCTGCGGGGACA, reverse CGGAA-
TTCtgtctttacatcatgggtgagtctttgg. The 1225 bp fragment
was subcloned into pCS2+ using the generated endonu-
clease restriction sites BamH1 and EcoR1 and sequenced.
Structural predictions for Nephrin and Podocin proteins
were performed using the Simple Modular Architecture
Research Tool (SMART; http://smart.embl-heidelberg.de/)
using default search parameters (Schultz et al., 2000).
In situ hybridization
Whole-mount in situ hybridization was performed as
previously described (Thisse and Thisse, 1998) with the
exception of longer proteinaseK treatments (3 min for 24
hpf, 6 min for 36 hpf, 9 min for 48 hpf and 14 min for 72
hpf stage embryos). For the nephrin antisense probe, the
template (pCRII-TOPO-nephrin 2029 bp, flanking primers
forward CATCAACCAAGTTACCCGTTCACCA and
reverse TGAAGGGTTAAGGCCTGTGACTGTA) was lin-
earized with NotI and the antisense riboprobes were
transcribed using SP6 RNA polymerase. The podocin
antisense riboprobes were generated using a BamHI
linearized template and T7 RNA polymerase. Embryos
were hybridized with digoxigenin-labeled riboprobes.
Anti-DIG AP (1:5000) and the NBT/BCIP substrate
(Boehringer Mannheim) were used to detect the probe.
After the color reaction was stopped, embryos were
washed with methanol and equilibrated in clearing
solution (1/3 benzoyl-alcohol and 2/3 benzoyl-benzoate)
and photographed using the abovementioned dissecting
microscope. For histological analysis, the stained embryos
were equilibrated in PBS with 0.1% Tween-20 (PBT),
dehydrated in series into ethanol, embedded in JB-4
(Polysciences) and sectioned.
Morpholino antisense oligonucleotides
Morpholino antisense oligonucleotides were designed to
target an exon splice donor sites causing splicing defects of
the mRNA. The morpholino oligonucleotides were obtained
from GENE TOOLS, LLC, Philomath, OR. The following




were diluted in injection solution containing: 100 mM KCl,
10 mM HEPES, 0.1% Phenol Red (Sigma) and titrated to
determine the lowest concentration sufficient to consistently
induce abnormal mRNA splicing. Morpholinos for both
nephrin and podocin were injected at a final stock
concentration of 0.1 mM into one-cell stage embryos.
Injection volume was approximately 3 nl and final
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approximately 1 AM. For each morpholino, more than 400
individual embryos were injected. Edema/kidney failure
was observed in greater than 90% of the injected larvae at
96 hpf; control morpholino injections did not result in any
overt phenotypic changes. Injections were performed using
a microinjector PLI-90 (Harvard Apparatus, Cambridge,
MA). The effect of the splice-morpholinos was verified by
RT-PCR from single embryo total RNAwith nested primers
in flanking exons yielding a 300–500 bp amplicon.
Histochemistry
Embryos were fixed in BT-fix (4% paraformaldehyde,
0.1 M Na2HPO4 buffer pH 7.3, 3% sucrose, 0.12 mM
CaCl2; Westerfield, 1995) at 4-C overnight. After being
washed in PBS and taken through an ethanol dehydration
series, they were embedded in JB-4 resin (Polysciences Inc.)
and sectioned at 3–5 Am. Slides were stained in methylene
blue/azure II (Humphrey and Pittman, 1974), mounted and
examined using a Nikon microscope.
Transmission electron microscopy
Embryos were fixed for electron microscopy in 1.5%
glutaraldehyde plus 1% paraformaldehyde in 70 mM
Na2HPO4 buffer pH 7.2 plus 3% sucrose at 4-C overnight.
They were then rinsed in 0.1 M cacodylate buffer and post-
stained in 1% osmium tetroxide in 0.1 M sodium cacodylate
pH 7.4 buffer for 1 h at room temperature. They were then
rinsed in cacodylate buffer, followed by distilled water and
placed in 2% aqueous uranyl acetate for en bloc staining for
1 h at room temperature. This was followed by dehydration
through a graded series of ethanol and propylene oxide.
Embryos were then infiltrated in a 1:1 solution of propylene
oxide and EPON (Ted Pella, Inc.) overnight at room
temperature. The following day, they were infiltrated in
pure EPON and embedded at 60-C overnight. Thin sections
(70–80 nm) were cut on a Reichert Ultracut E ultra-
microtome and collected onto formvar-coated slot grids. The
sections were stained with uranyl acetate and lead and
examined in a Philips CM10 TEM at 80 kV.
Fluorescent dye injection
Lysine-fixable FITC-dextran (70KD, 500KD, Molecular
Probes) or AlexaFluor488-BSA (Molecular Probes) was
dissolved at 1% in phosphate buffer (1 PBS pH 7.4, 1.8
mM CaCl2, 0.1% Phenol red). Fluorescent tracers were
injected into the common cardinal vein (CCV) or directly
into the atrium of 80 hpf larvae anesthetized with 0.2 mg/ml
tricaine (3-amino benzoic acid ethyl ester, Sigma) in egg
water. Only embryos with good circulation, as judged by
sufficiently moving blood cells, were used for filtration
experiments. After overnight incubation, the embryos were
fixed and sectioned. Uptake of filtered fluorescent dextranby duct cells was evaluated in serial sections using a Nikon
fluorescent microscope.Results
Development of the zebrafish glomerular filtration
apparatus.
In previous studies, we established that blood filtration
by the zebrafish pronephric glomerulus begins as soon as
capillary sprouts from the dorsal aorta invade clusters of
forming podocytes at 40 hpf (Drummond et al., 1998;
Majumdar and Drummond, 2000). However, the glomerulus
at this stage does not display interdigitating fine foot
processes and slit-diaphragms typical of a mature glomer-
ulus (Fig. 1A). To determine when the filtration apparatus in
the zebrafish pronephric glomerulus is established, we
analyzed the structure of later stage day 3 and day 4
glomeruli. Histological sections (Fig. 1B) show the overall
structure of the pronephros at day 3. Surprisingly, even
though all glomerular cell types are present by 72 hpf and
the pronephros is required to function as an osmoregulatory
kidney, electron micrographs show that podocyte foot
processes are still immature broad cell extensions, and
slit-diaphragms between foot processes are rarely observed
(Fig. 1C). In contrast, at 96 hpf, the filtration apparatus
appears mature with podocyte foot processes present as fine,
evenly spaced cell processes separated by slit-diaphragm
cell–cell junctions (Fig. 1D). These observations show that
the structure of the glomerulus matures relatively late in
pronephric development, roughly 2 days after the onset of
filtration at hatching.
Expression of nephrin and podocin in the pronephros
Nephrin and Podocin are highly expressed in mammalian
podocytes where they function as essential components of
the slit-diaphragm complex. To determine whether these
two proteins functioned similarly in zebrafish, we cloned
and analyzed the expression of zebrafish nephrin and
podocin. Amino acid identity of zebrafish homologs of
nephrin and podocin was low (36% and 45% identical to
the human proteins, respectively; Supplementary Fig. 1);
however, homology to human nephrin and podocin is more
clearly evident when the predicted secondary structures are
compared (Fig. 2). Expression of both nephrin and podocin
is highly specific in podocytes (Fig. 3) and commenced by
24 hpf in podocyte precursor cells (Figs. 3A and C).
Expression remained robust and podocyte-specific at later
stages of glomerulus formation (Figs. 3B, D and E) and in
the functioning glomerulus at 72 hpf (Fig. 3C) and at 120
hpf (Fig. 3F). No expression of nephrin or podocin was
observed in endothelial cells in whole mounts (Figs. 3A, B,
D and E) or in histological sections (Fig. 3F) of the
glomerular capillary tuft.
Fig. 1. Development of pronephric glomerular filtration slits. (A) Diagram of the vertebrate glomerular filter. Glomerular capillaries (cap) are lined with
fenestrated endothelial cells (endo) that rest on a basement membrane (bm). Apposed on the opposite face of the basement membrane, podocyte foot processes
(fp) form filtration slits that contain the slit-diaphragm as a specialized cell –cell junction. Arrows represent the path of blood fluid filtration. (B) At 84 hpf, the
glomerulus (gl), the pronephric tubule (pt) and the pronephric ducts (pd) are fully formed between the gut (g), liver (liv) and the notochord (nc). Bowman’s
space (bs) is clearly evident around the glomerulus (gl) and is drained by the pronephric tubules. The glomerular capillary tuft originates from the dorsal aorta
(da). (C) Electron micrograph of 72 hpf podoctye foot processes (fp) reveals broad spreading cell processes as opposed to the fine interdigitations present at
later stages of development. Some slit-diaphragms (sd) are present. (D) Electron micrograph at 96 hpf shows a capillary lumen (cap) and endothelial cells
(endo). Podocytes (pod) and their foot processes (fp) surround the capillary along the basement membrane (bm). Slit-diaphragms (sd, arrowheads) are clearly
visible between the individual foot processes. On a tangential section of a capillary wall (inset), interdigitating foot processes (fp) can be seen (arrows).
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nephrin and podocin morpholino knockdown embryos
To determine the role of nephrin and podocin in
zebrafish pronephric function, we targeted these two genes
with antisense morpholino oligos. Morpholinos were
designed against the splice donor site of the exon encoding
the transmembrane domain in nephrin and the first coding
exon in podocin. Morpholino injection resulted in mis-Fig. 2. Structural homology between Nephrin and Podocin of man and zebrafi
determination of structural similarity between the human and zebrafish homol
immunoglobuline-like domains and fibronectin domain close to the transmemb
homology domain. FN3, Fibronectin type 3 domain; IG, Immunoglobulin-like do
domain; SP, signal peptide; TM, transmembrane domain. Amino acid alignmentssplicing mRNA for both genes as detected by sequencing
altered RT-PCR products (Figs. 4A and B). The sequence of
altered nephrin mRNAs predicts either an in-frame deletion
of the transmembrane domain producing a protein that
would be secreted and not anchored in the membrane, or a
truncation of the cytosolic C-terminus after frame-shift and
non-sense translation (Fig. 4C). The altered podocin mRNA
is predicted to encode a protein lacking 32 amino acids in
the N-terminus owing to an in-frame deletion 5V to thesh. SMART (Simple Modular Architecture Research Tool) was used for
ogs. Nephrin (A,B) is a type-1 integral membrane protein, with several
rane domain while podocin (C,D) has a hairpin shape with a prohibitin
main; IGc2, Immunoglobulin C-2 type domain; PHB, prohibitin homology
for nephrin and podocin are shown in Supplementary Fig. 1.
Fig. 3. nephrin and podocin are exclusively expressed in the pronephric glomerulus. Nephrin is expressed in the forming glomerulus starting at 24 hpf (A) and
continues to be expressed at 48 hpf (B) and 72 hpf (C). Expression of podocin at 36 hpf (D) marks the podocyte precursor cells; at 48 hpf (E), podocin positive
nephron primordia lie adjacent to each other. Cross-sections at 72 hpf show the glomerular expression of nephrin (C) in a localization typical for podocytes
surrounding the glomerular capillary tuft (C, arrow). At 120 hpf (F), nephrin expression is strong in podocytes adjacent to the capillary tuft (*) originating from
the dorsal aorta (da). Endothelial cells in the aorta and the glomerular capillaries are negative for nephrin expression. Diffuse staining for both probes in the
head was not strong or reproducible and most likely represents optical summation of background staining. Spots of dark pigment in the trunk in panel A are not
nephrin expressing cells but rather pigment cells that escaped PTU treatment (gl, glomerulus; liv, liver; nc, notochord; da, dorsal aorta).
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mRNA was undetectable at 24 and 48 hpf while some
recovery of wild-type message was seen at 72 hpf (Fig. 4A).
Wild-type podocin mRNAwas completely absent at 24 hpf;
small amounts of normal message could however be
detected at 48, 72 and 96 hpf (Fig. 4B).Fig. 4. nephrin and podocin mRNA splicing defects induced by morpholinos tar
embryos at the indicated stage (24, 48, 72, 96 hpf) with flanking exon primers (M,
the splice donor of the transmembrane domain coding exon caused an in-frame del
bp amino acid sequences are aligned in panel C), or a non-splicing of the adjac
truncation after a stretch of non-sense amino acids (C). Both forms of nephrin mRN
nephrin. The morpholino effects last for at least 72–96 hpf. (B) The podocin morp
size 316 bp versus 412 bp leading to a shortened N-terminus of the Podocin moDisruption of nephrin and podocin mRNA both resulted
in pericardial edema at 96 hpf (Fig. 5A) and later caused
general edema involving the entire larval body. The
hydropic embryos eventually die at 1 week of age,
suggesting a loss of pronephric osmoregulatory function.
Embryos injected with control, scrambled sequence mor-geting exon donor sites. RT-PCR was performed from total RNA of single
10 kb plus DNA marker, Invitrogen). (A) The nephrin morpholino targeting
etion of this exon, visible as a decrease in amplicon size (272 bp versus 389
ent intron, visible as an increase in amplicon size (1070 bp) leading to a
A are predicted to encode a protein lacking the cytosolic C-terminus of the
holino causes an in-frame deletion of part of the first coding exon (amplicon
lecule (D)).
Fig. 5. nephrin and podocin morphant embryos exhibit progressive edema, glomerular malformation and podocyte foot process effacement. (A) nephrin and
podocin morphant larvae develop severe pericardial edema (arrowheads) at 96 hpf. (B–F) histological sections of 72 hpf embryos stained with methylene blue/
azure II. (B) Normal wild-type glomerulus (gl). Glomeruli in nephrin morphant larva are somewhat flattened (C), and, in approximately 30% of morpholino
injected embryos, the glomerulus appears as a midline septum with distended tubules (* in panel D). (E) In cystic nephrin morphants, evidence for obstruction
of the pronephric duct could be seen in the presence of large, occluding crystaline deposits (white arrowheads) that completely fill the duct lumen. Particulate
debris in the duct lumen was also observed in podocin morphants (F). In contrast to wild-type podocytes (see Fig. 1), nephrin morphant podocytes at 96 hpf
show foot process effacement (G) and lack of fine interdigitation. Similarly, podocin morphant podocytes at 96 hpf exhibit irregular processes and foot process
effacement (H). At 96 hpf, wild-type podocyte foot processes and slit-diaphragms appear as ‘‘beads on a string’’ (I; arrowheads) along the basement membrane
of the capillary wall. nephrin and podocin foot processes at 96 hpf are broad and effaced and lack slit-diaphragms (panels J and K are higher magnifications of
the boxed areas in panels G and H).
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type (Kramer–Zucker; data not shown). By histology, the
glomerulus in 72 hpf wild-type embryos appears well-
developed (Fig. 5B) while in nephrin morphant larvae
glomeruli appeared somewhat flattened (Fig. 5C). A
significant proportion of morphant embryos (37% of the
nephrinMO embryos and in 44% of the podocinMO
embryos) exhibited cysts in the pronephric tubules with a
stretched septal glomerulus in the midline (Fig. 5D). Since
neither nephrin nor podocin is expressed in the cystic tubule
epithelium, we examined morphant embryos for a possible
indirect cause of cystic distension. Sections of the proneph-
ric ducts distal to the cysts revealed the presence of large
birefringent crystals completely obstructing the duct lumen
(Fig. 5E) and in some podocin morphants, debris was
observed in the duct lumen (Fig. 5F). These findings
suggest that loss of podocin and nephrin function in
glomerular podocytes allows for accumulation of debris
and possibly protein in the tubules and ducts downstream,
leading in some cases to occlusion of the duct lumen.
The effects of misplicing nephrin and podocin mRNA on
foot process formation and barrier function in the glomer-ulus were further explored by electron microscopy. At 96
hpf, podocyte foot processes were flattened and effaced in
morphant embryos (Figs. 5G and H) compared to control
embryos at the same stage (96 hpf; Fig. 1D). At higher
magnification, slit-diaphragms are clearly visible between
well-spaced wild-type foot processes (Fig. 5I). Nephrin
morphant embryos at 96 hpf rarely showed fine foot
processes and, when present, slit-diaphragms were missing
(Fig. 5J). Podocin morphant embryos also rarely showed
fine foot processes or slit-diaphragms (Fig. 5K). The
ultrastructure of nephrin and podocin morphant podocytes
indicates that, as is the case in humans, these genes are
essential to form the pronephric glomerular filtration barrier.
mosaic eyes is expressed in podocytes and is required for
slit-diaphragm formation
The mosaic eyes (moe) gene product is a FERM domain
containing protein (Jensen and Westerfield, 2004) that is
expressed in podocytes (Fig. 6A). Similar to nephrin and
podocin morphants, moe homozygous mutant embryos
(Fig. 6C) exhibit severe pericardial edema at 80 hpf,
Fig. 6. Expression of the FERM protein mosaic eyes (moe) in podocytes and cell-junction defects associated with moe loss of function. moe mRNA is highly
expressed in 96 hpf wild-type podocytes (A) and not adjacent endothelial cells of the glomerular capillary (*) or the dorsal aorta (da). Homozygous moe
mutants at 80 hpf show a dorsally bent body axis and pericardial edema (arrowhead in panel C) compared to sibling heterozygotes (B). Glomerular capillary
formation in wild-type moe heterozygotes (D) and moe homozygotes (E) is similar, indicating that moe is not required for early glomerular morphogenesis.
(F) In contrast to wild-type podocytes (see Fig. 1), moe mutant podocytes aberrantly extend cell processes from their apical surface (arrows; ‘‘microvillar’’
projections). Bowman’s space is also filled with an electron-dense precipitate (*) suggesting protein leakage. On moe podocyte foot processes that are
adherent to the basement membrane (G), slit-diaphragms are not commonly observed (arrows denote missing slit-diaphragms); wild-type embryos
commonly display slit-diaphragms (H) between similar types of foot processes (arrows). Podocyte cell processes in moe / embryos that project into
Bowman’s space often show doublet cross-strands between nearby cell projections (arrows).
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regulation and pronephric function. Histological sections
indicated that the mutation in moe does not interfere with
the overall formation of the glomerulus; despite some
vascular edema, capillary tuft formation appeared relatively
normal (compare Figs. 6D and E). To further investigate
the role of moe in podocyte function, we examined
podocyte ultrastructure in moe / embryos. moe /
podocytes showed apical ‘‘microvillar’’ projections (Fig.
6F) that were not seen in wild-type sibling embryos
(Drummond, data not shown; see also Fig. 1D). When
examined at higher magnification, moe podocytes also
appear abnormal in that slit-diaphragms appear to be
absent between foot processes adherent to the basement
membrane (Figs. 6G and H). Surprisingly, structures
resembling slit-diaphragms were present in moe /
podocytes between the cell processes projecting into
Bowman’s space (Fig. 6I). These connections between
cell projections appear as double cross-strands bridging
adjacent cell membranes. These results suggest that moe is
required for proper podocyte slit-diaphragm formation.
Also apparent in electron micrographs of moe /
glomeruli is precipitated material in Bowman’s space,
suggesting substantial protein leakage past the glomerular
basement membrane (asterisk in Fig. 6F).Loss of glomerular barrier function in slit-diaphragm
morphant and moe mutant embryos
Failure to form proper podocyte foot processes and slit-
diaphragms is associated with aberrant passage of high
molecular weight proteins into the glomerular filtrate. To
directly test the barrier function of the glomerulus in
zebrafish pronephros, we injected different sized fluorescent
molecules into the circulation and assayed their passage into
the tubule and duct lumens by the appearance of fluorescent
apical endosomes in pronephric duct cells (Drummond et
al., 1998; Majumdar and Drummond, 2000). Initial attempts
using 70 kDa rhodamine-dextran and 68 kDa Alexa-BSA
revealed that the wild-type glomerulus at 72 hpf is relatively
leaky; these tracers readily passed the glomerulus and
appeared in the pronephric ducts (data not shown). We
therefore tested a larger molecule, 500 kDa FITC-dextran,
as a marker of glomerular leakage. 500 kDa FITC-dextran
injected into the common cardinal vein of 84 hpf larvae was
completely retained in the vascular system after a 1 to 2 h
incubation and did not show any passage into the tubule and
duct lumens as evidenced by the lack of fluorescent apical
endosomes in pronephric duct epithelial cells (data not
shown). Even after prolonged overnight incubation, only
sporadic low levels of filtration and reuptake of dye were
Fig. 7. Failed slit-diaphragm formation correlates with loss of barrier function in the glomerulus. 500 kDa FITC-dextran was injected into the circulation of 80
hpf larvae and the larvae were fixed the next morning (96 hpf) and sectioned. Dye uptake by endocytosis from the pronephric duct lumen was assessed at the
level of the swim bladder (sb). Arrowheads indicate the position of pronephric ducts in the cross-sections. In wild-type control larvae (A), FITC fluorescence is
present in the vasculature surrounding the pronephric ducts; however, no endosomes containing filtered dye are visible (arrowheads) in the pronephric duct
epithelial cells. In nephrin (B) and podocin (C) morpholino injected embryos, dye uptake is detectable in the form of small apical endosomes adjacent to the
duct lumen. Wild-type moe heterozygous larvae (D) show no dye uptake in the pronephric ducts, while moe homozygous mutant larvae (E) exhibit abundant
dye uptake (arrowheads) at the same position in the ducts. (F) The plane of section for cross-sections in panels A–E is shown. The table represents the number
of larvae examined/number of larvae positive for endocytosed dye in the pronerphic duct. 500 kDa FITC-dextran (green), autofluorescence (red).
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was not observed in distal, mid-trunk pronephric duct
epithelial cells of wild-type embryos (Figs. 7A and D).
This behavior of 500 kDa FITC-dextran demonstrated that it
could be used as an indicator of pronephric glomerular
filtration discrimination. When 500 kDa FITC-dextran was
injected into nephrin and podocin morphants and moe /
embryos, all embryos exhibited significant glomerular dye
passage as evidenced by uptake into apical endosomes of
cells in the distal midsection of the pronephric duct (Figs.
7B, C and E), suggesting a significantly increased rate of
dye passage through an altered glomerular filter. moe
heterozygote sibling embryos did not show dye uptake
and appeared identical to wild-type embryos (Fig. 7D). The
combined scores for lumenal dye uptake in the pronephric
ducts at the level of the swim bladder are given in Fig. 7F.
The results show that the zebrafish pronephros can be used
as an assay for selective glomerular filtration and that
disruption of slit-diaphragm structural or regulatory proteins
can result in failed development of the pronephric glomer-
ular filtration barrier.Discussion
The slit-diaphragm is a specialized cell–cell junction that
is essential for maintaining the filtration barrier in the
kidney glomerulus. Multiple interacting protein components
that form the slit-diaphragm in mammalian podocytes have
been defined both genetically and biochemically (Miner,
2003). In this study, we set out to determine whether the
zebrafish pronephros could be used as an assay for slit-
diaphragm formation and glomerular barrier function. We
also sought to test the role of Moe, a FERM domain protein
and potential link between the cytoskeleton and the cell
membrane, in the assembly of slit-diaphragms. We estab-
lished that the pronephros can be used as an assay ofglomerular filtration by studying the function of known slit-
diaphragm proteins Nephrin and Podocin. Zebrafish Neph-
rin and Podocin appear to function as true homologs: their
expression was highly podocyte-specific and both were
essential for pronephric kidney function. The FERM domain
protein Moe appears to be important for proper slit-
diaphragm formation in foot processes at the glomerular
basement membrane. Our results implicate two known
human disease genes in pronephric kidney development
and establish Mosaic eyes/band 4.1-like 5 protein as a novel
component in podocyte cell junction formation.
The zebrafish pronephric glomerulus as a model of selective
plasma filtration
The establishment of an ultrafiltration barrier is a critical
step in the development of the glomerulus and the onset of
kidney function. The mature mammalian glomerular filter
retains most of the protein larger than approximately 70 kDa
in the vasculature (Pavenstadt et al., 2003). Small amounts
of serum albumen and other proteins that do normally pass
into the plasma filtrate are reabsorbed by endocytosis in
proximal tubule epithelial cells (Russo et al., 2003). The
stage of development when filtration discrimination is
established in the mammalian fetal kidney has been difficult
to determine. The presence of significant amounts of alpha-
fetoprotein (AFP) in mammalian amniotic fluid, which is
produced by the fetal kidney, suggests that forming
glomeruli do not initially possess a tight filtration barrier
and that the filtration discrimination seen in the adult kidney
develops as the glomerulus matures (Burghard et al., 1987).
Our observations on zebrafish pronephric glomerulus
development indicate that slit-diaphragm formation occurs
at a relatively late stage; slit-diaphragms are infrequently
observed at 72 hpf but by 96 hpf most podocyte foot
processes are fine, interdigitating structures linked by slit-
diaphragm junctions. Consistent with the late development
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relatively leaky to plasma macromolecules prior to 72 hpf.
Molecules such as serum albumin and 70 kDa dextran can
pass into the tubule lumen via the glomerulus and are taken
up in endocytic vesicles of the pronephric duct epithelium.
Filtration discrimination was observed with the larger 500
kDa dextran; no glomerular passage of this tracer was
observed after introducing it into the circulation for 2 h in 84
hpf larvae and little passage was seen even after an
overnight incubation. Similar studies using vascular injec-
tion of fluorescent dyes in Xenopus larvae have shown that
the forming pronephros in the frog is also relatively leaky. In
these experiments, all tested tracers, including 500 kDa
dextran, were seen to pass into urine in wild-type larvae
(Zhou and Vize, 2004). The difference in these results may
reflect the stage of glomerular maturation at which
injections were performed; i.e. the frog pronephros at later
stages of development may behave similarly to what we
observe in the 84–96 hpf zebrafish pronephros. While it is
possible that further filtration discrimination may develop as
the zebrafish larva matures past 96 hpf, our experiments
were constrained by the limited time window of morpholino
efficacy (72–96 hpf) and the potential for recovery of wild-
type nephrin or podocin function past this stage. Taken
together with our previous results (Drummond et al., 1998;
Majumdar and Drummond, 2000), this work shows that the
zebrafish pronephros can be used as an assay for glomerular
filtration. It might be anticipated that this assay could be
further improved by testing additional tracers that vary in
molecular size and/or charge.
The role of zebrafish nephrin and podocin in slit-diaphragm
formation
The specialized cell–cell junctions that form the basis of
filtration selectivity in the kidney have been the subject of
intense study since the cloning of two human disease genes,
nephrin and podocin, that regulate the formation or structure
of slit-diaphragms (Boute et al., 2000; Kestila et al., 1998).
Nephrin is a type-1 integral membrane protein and, as a
member of the immunoglobulin family, consists of several
extracellular immunoglobulin-like domains, which are
thought to interact to form interdigitating polymers with
other nephrin molecules and NEPH1 along the slit-
diaphragm (Gerke et al., 2003; Liu et al., 2003; Wartiovaara
et al., 2004). The cytosolic tail of Nephrin interacts with
Podocin and CD2AP, also members of the slit-diaphragm
protein complex (Huber et al., 2003a; Liu et al., 2005). The
Nephrin cytosolic tail is also thought to play a role in
junctional signaling. Nephrin is phosphorylated on tyrosine
residues exposed on the cytosolic face of the slit-diaphragm
by the Src family kinase Fyn (Lahdenpera et al., 2003;
Verma et al., 2003). Loss of Nephrin phosphorylation in Fyn
deficient mice is associated with proteinuria, implying that
tyrosine phosphorylation of Nephrin is functionally signifi-
cant (Yu et al., 2001). The zebrafish Nephrin cytosolic tailcontains a putative SH3 site at P 1186 (CSPLPPAAH;
Supplementary Fig. 1) and several conserved tyrosine
residues including a predicted Fyn-SH2 site at Y1171
(VYEEVR; Supplementary Fig. 1). It is tempting to
speculate that the zebrafish protein may also be tyrosine
phosphorylated and serve as a nexus of signaling protein
interactions. The predicted altered forms of Nephrin we
induced in vivo using morpholino oligos would be expected
either to possess complete extracellular and transmembrane
domains with a truncated cytosolic tail or to lack an
anchoring transmembrane domain and escape as a secreted
protein. Either scenario would be expected to result in a loss
of Nephrin signaling/protein interactions at the slit-dia-
phragm and could contribute to the overall loss of slit-
diaphragms and podocyte morphology we observe. Alter-
natively, a secreted form of Nephrin could act as a dominant
negative by interacting non-productively with other mem-
brane anchored slit-diaphragm proteins. Further experiments
will be required to fully examine potential mechanisms of
Nephrin loss of function. The C-terminal truncated form of
Nephrin we produced is similar to the Finminor mutation
(R1109X), a non-sense mutation resulting in a truncated
1109 amino acid protein (Kestila et al., 1998) which gives
rise to full-blown congenital nephrotic syndrome of the
Finnish type (NPHS1). In addition to its potential role as a
Fyn substrate, the cytoplasmic tail of nephrin is also
necessary for Nephrin interactions with Podocin and its
recruitment into lipid rafts (Huber et al., 2003b; Simons et
al., 2001). Thus, the effects of deletions and truncations in
zebrafish Nephrin we have induced using antisense mor-
pholinos are consistent with previous nephrin loss of
function studies in mammals and suggest that the foot
process effacement, absence of slit-diaphragms and dis-
ruption of the glomerular filtration barrier (passage of 500
kDa dextran) we observe are specifically due to loss of
Nephrin function in the pronephros.
Podocin is a slit-diaphragm-associated protein related to
the band-7/stomatin protein family and to the Caenorhab-
ditis elegans MEC-2 (Boute et al., 2000; Zhang et al.,
2004). Podocin is proposed to take on a hairpin-like
structure which allows for membrane association via a
hydrophobic domain near the N-terminus (Boute et al.,
2000). A PHB-(prohibitin homolog)-domain is present at
the Podocin C-terminus and this is thought to be required for
homo-oligomerization and interaction with Nephrin (Huber
et al., 2003b). Human podocin mutations C-terminal to the
membrane association domain result in loss of Podocin at
the cell membrane and aberrant accumulation in ER
secretory pathway vesicles (Huber et al., 2003b; Roselli et
al., 2004b). C-terminal podocin mutants also result in failed
delivery of Nephrin to the slit-diaphragm, indicating a role
for podocin in Nephrin trafficking (Huber et al., 2003b;
Roselli et al., 2004b). Mutations in the Podocin N-terminus
do not cause a loss of Podocin delivery to the cell membrane
but may prevent oligomerization of Podocin in lipid raft
membrane domains (Huber et al., 2003b; Roselli et al.,
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podocyte foot process fusion, develop proteinuria soon after
birth and die of mesangial sclerosis and renal failure (Roselli
et al., 2004a). In zebrafish, the disruption of podocyte foot
process structure, absence of slit-diaphragms, passage of
high molecular weight dextran and lethal edema we observe
in Podocin morphant larvae point to a highly conserved role
for Podocin in the zebrafish pronephric glomerulus.
In our podocin morpholino injection experiments, we
observed some recovery of the wild-type, normally spliced
podocin mRNA by 72–96 hpf, indicating that, at the dose
of morpholino used, some mRNA was normally spliced at
72–96 hpf. Nonetheless, a clear loss of function phenotype
was observed in pronephric glomerular podocytes and no
recovery of the morphant phenotype, at least in terms of
edema, was observed in 5–6 day larvae. Nephrotic
syndrome in humans with podocin mutations is most
commonly associated with homozygous loss and early
onset of disease. However, patients with single, hetero-
zygous podocin mutations also exhibit nephrotic syndrome
as a milder, late-onset form of the disease (Weber et al.,
2004). This suggests that a partial loss of podocin function
may be sufficient to manifest as kidney disease and may
help explain the phenotype we observed despite the
presence of some wild-type podocin mRNA.
A significant proportion of both nephrin and podocin
morphant embryos (37% of the nephrinMO embryos and in
44% of the podocinMO embryos) exhibited cysts in the
pronephric tubules with a stretched septal glomerulus. This
involvement of the pronephric tubule epithelium in the
morphant phenotype was unexpected since neither nephrin
nor podocin was expressed in the pronephric tubules. In
human fetuses carrying the NPHS1 Finmajor mutation, the
kidneys showed marked dilatation of proximal tubular
lumens and Bowman’s space but no major changes in the
glomeruli (Ruotsalainen et al., 2000). Similarly, in three
different mouse nephrin knockout models, tubular dilatation
was a consistent feature of the mutant kidneys (Hamano et
al., 2002; Putaala et al., 2001; Rantanen et al., 2002).
Tubular dilatation/cyst formation in the zebrafish proneph-
ros is therefore consistent with the mammalian nephrin loss
of function phenotype; however, the mechanism remains
unexplained. Serial sectioning of the zebrafish nephrin
morphant embryos revealed the presence of large, occluding
crystalline deposits in the pronephric duct lumens distal to
the tubular cysts. A simple explanation for cyst formation
may therefore be that the increased protein or other
particulate matter in the tubule filtrate of nephrin-deficient
kidneys allows for the nucleation of larger precipitates
which cause obstructions in the nephron. Continued
delivery of fluid by glomerular filtration and/or trans-
epithelial secretion may cause increased lumenal pressure
and tubule distension.
Lethal edema was a consistent outcome of nephrin,
podocin and moe loss of function. Edema first appeared as a
pericardial swelling and progressed to involve the entireembryo. A similar progression from pericardial swelling to
whole body edema is observed in zebrafish pronephric cyst
mutants (Drummond et al., 1998) and in the no isthmus
(pax2.1) mutant which lacks pronephric tubules (Majumdar
et al., 2000). The generality of this response suggests that
any loss of pronephric kidney function (osmoregulation)
may result first in pericardial edema. It is not clear from our
experiments why increased glomerular leakage should lead
to failed osmoregulation (pronephric kidney failure). It is
possible that decreased water elimination caused by partial
pronephric obstruction (see above) could contribute to
overall edema. Mammalian glomerulopathies are associated
with tubule injury and fibrosis, and the degree of proteinuria
is a predictor of the rate of disease progression. Excessive
protein leakage could be a cause and not a consequence of
disease although the underlying mechanisms remain unclear
(Zandi-Nejad et al., 2004).
A role for the FERM protein mosaic eyes in formation of the
slit-diaphragm
The structural integrity of slit-diaphragm junctions
depends on their anchorage to the podocyte cytoskeleton.
This was made clear in mice lacking the linker protein
CD2AP. CD2AP interacts with nephrin and podocin in
lipid rafts and anchors this complex to the podocyte actin
cytoskeleton (Wolf and Stahl, 2003). Mice homozygous for
CD2AP mutations develop congenital nephrotic syndrome
and podocyte foot process effacement (Shih et al., 1999).
FERM domain containing proteins represent another broad
class of proteins that link transmembrane proteins to the
cytoskeleton (Chishti et al., 1998). In podocytes, the
FERM family protein ezrin has been shown to bind to
podocalyxin and link it to the actin cytoskeleton on the
apical cell surface (Orlando et al., 2001). However, neither
ezrin nor the related proteins moesin and radixin are
localized to basal slit-diaphragms (Hugo et al., 1998;
Orlando et al., 2001). Band 4.1 proteins belong to the
FERM superfamily and are known to affect the trafficking
of ion channels and pumps and their association with the
cell membrane (Sun et al., 2002). Several different protein
4.1-like genes are expressed in a segment-specific fashion
in the mammalian nephron; however, none have so far
been shown to be expressed in glomerular podocytes
(Ramez et al., 2003). We find that the FERM domain/band
4.1-like protein Mosaic eyes/EPB41L5 is expressed specif-
ically in pronephric podocytes and is required for proper
formation of the slit-diaphragm. moe / podocytes lack
slit-diaphragms on basement membrane-associated foot
processes. Some double cross-strand structures spanning
the space between processes extending into Bowman’s
space are seen in moe / glomeruli, raising the
possibility that slit-diaphragms may form at sites distant
from the basement membrane in the mutant embryos. Slit-
diaphragms have typically appeared in electron micro-
graphs as a single cross-strands bridging the filtration slit.
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slit-diaphragm show that it is a stratified, double-layered
structure (Wartiovaara et al., 2004). Further experiments
will be required to confirm that cross-strand structures in
moe / embryos are indeed aberrantly formed slit-
diaphragms. The apical ‘‘microvillar’’ projections we
observed in moe / podocytes are also significant. In
humans, microvillar projections from podocytes are
observed in the early stages of focal segmental glomerular
sclerosis and other glomerular pathologies. These projec-
tions are thought to lead to aberrant podocyte adhesions to
the cells and basement membrane of Bowman’s capsule,
leading to glomerular damage (Pavenstadt et al., 2003). We
also observe similar apical ‘‘microvillar’’ projections in
nephrin and podocin morphants. The human moe ortholog,
EPB41L5, has been found to be expressed in human
glomeruli (Chabardes-Garonne et al., 2003), suggesting
that moe/EPB41L5 could be tested as a novel human
disease gene associated with glomerular disease. Further
studies of Moe localization and protein interactions will be
required to fully characterize its role in foot process
formation and potential roles in glomerular pathology.Acknowledgments
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